molecular basis of the chemotherapy sensitivity and resistance of germ cell tumours
Despite various studies, no uniform hypothesis has been developed to explain the exquisite chemosensitivity of most germ cell tumors (GCTs) as well as the chemoresistance of the minority of malignant GCT. Multiple factors on different cellular levels seem to play a role in the induction of cell death following cisplatin-based chemotherapy, but the knowledge about the molecular basis of the development of chemoresistance is still poorly understood.
Cisplatin is believed to kill cells through interaction with the DNA, mainly by the formation of various DNA adducts, which lead to the initiation of programmed cell death (apoptosis) [4] . The tumor cell can escape the initiation of apoptosis on several levels.
Cisplatin can be inactivated by changes in the level of thiol-containing cell compounds such as glutathione or metallothionein or can be exported out of the cell by several export pumps, even before it reaches the DNA. A number of studies, predominantly done in cell lines and xenograft models, have suggested a correlation between glutathione and metallothionein levels and cisplatin resistance as well as between various export pumps, such as the ATP-binding cassette (ABC) transporters and the lung resistance protein, and cisplatin resistance [5] [6] [7] [8] [9] . However, validation on clinical tumor samples is lacking.
Cisplatin-induced DNA damage can be repaired, predominantly by the so called 'nuclear excision repair (NER) pathway' prior to the activation of the apoptotic cascade. Investigations of the role of the NER, which is thought to be the most important DNA repair mechanism for cisplatin-induced damage, indicate a low capacity of GCT cells for NER. The low intrinsic capacity of the NER demonstrated in GCT cell lines has been attributed to low levels of xeroderma pigmentosum complementation group A protein (XPA) and the NER protein ERCC1. Alternatively, it has been proposed that the DNA adducts could be concealed by testis-specific high mobility group (HMG)-box proteins preventing damage detection and repair by NER factors [6, [10] [11] [12] [13] . The finding of a low NER capacity itself and the potential clinical relevance have not been confirmed in samples from patients with GCTs, yet it is conceivable that a low NER activity contributes to the overall chemosensitivity of GCTs.
The recognition of the critical DNA damage by mechanisms, which initiate apoptosis, can fail. A high level of wild-type p53 in GCTs has commonly been regarded as the biological explanation for GCT chemosensitivity [14] [15] [16] . Two recent studies investigating the role of p53 in refractory GCT, have demonstrated that p53 mutations are rare even after treatment, that these mutations are unlikely to be the cause for chemotherapy resistance and that the inactivation of p53 does not lead to a sensitivity change in vitro [17, 18] . These findings suggest that induction of apoptosis in testis cancer cells can be executed even independent from p53, which questions the previously suggested important role of p53 in cisplatin resistance. A high incidence of microsatellite instability (MSI) was found in samples of patients with refractory GCT [19] . In most refractory cases MSI was found in several loci whereas in unselected GCT only very few patients had a MSI and if, most of them just in one locus. MSI in refractory GCT indicates that defects in DNA mismatch repair pathway may represent a clinically relevant resistance mechanism.
The execution of apoptotic cell death may be prevented by anti-apoptotic signals or by defects of apoptosis effectors. Other proteins involved in the regulation of apoptosis, such as BAX, BCL-2, BCL-X L and others have also been investigated, but no single factor seemed to correlate with treatment response [20] . This indicates no role for anti-apoptotic regulation downstream of the initiation of apoptosis in chemotherapy resistance of GCT.
Genetic analyses regarding chemotherapy resistance in clinical material of GCT patients are very rare. Specific genomic amplifications have been suggested to be related to chemoresistance of GCT, including high level amplifications at 1q31-32, 2p23-24, 7q21, 9q22, 9q32-34, 15q23-24, and 20q11.2-12 [21] . More investigation in GCT-chemotherapy-sensitivity may help to further improve treatment strategies in particular for patients with poor prognosis disease.
stage I seminoma
Approximately 75-80% of all patients with seminomas present with stage I disease. Without any further adjuvant treatment, approximately 15-20% of these patients will subsequently relapse but overall these patients exhibit an excellent prognosis with a cure rate of 99%. Radiation therapy to the paraaortic (± iliac) lymph nodes has been traditionally used as an adjuvant treatment for stage I patients based on studies which confirmed a majority of relapses in the retroperitoneal space. While this is a highly effective therapy [22] , 80-85% of patients will undergo unnecessary treatment with the potential risk of severe late toxicities [23] . This led to several new initiatives to minimize or omit adjuvant therapy in stage I seminomas patients. The Medical Research Council (MRC) conducted 2 consecutive trials, the first comparing radiation with 30 Gy to radiation with 20 Gy (TE18) and the second comparing radiation with 20 or 30 Gray (Gy) to one cycle of carboplatin (TE19) [24, 25] .
TE18 was designed as a non-inferiority trial aiming to exclude a 4% difference in relapse rate. 625 patients were randomized and after a median follow-up of 61 months 10 and 11 relapses were reported in the 30 Gy and 20 Gy groups, respectively. Two-year relapse-free survival rates were reported as 97.7% for the 30 Gy and 97.0% for the 20 Gy group. With an estimated difference in relapse rate of less than 1% and confidence limits of £ 2.9% an increase in 2-year relapse rate of 3% or more was excluded. Adjuvant radiation with 20 Gy to the para-aortic field therefore appears to be a highly effective treatment option for patients with stage I disease associated also with fewer clinic visits and less acute morbidity allowing a speedier recovery.
The TE19 trial compared para-aortic or 'dog-leg'-radiation (RT) with 20 or 30 Gy to a single course of carboplatin at a dose of area under the curve (AUC) 7 [25] . The study was designed as a non-inferiority trial to exclude an absolute difference in the relapse rate of 3% or more at 2 years with a 90% power. 1477 patients were randomized in a 2:1 manner. After a median follow-up of 4 years the absolute difference was 1% (5.2% relapses for carboplatin and 4.1% relapses for RT) with the 90% confidence intervals excluding an increase in relapse rate in the carboplatin group of more than 3%. These results are supported by previous phase II results which have also demonstrated relapse rates between 4-5% [26] . This study has been criticized for its rather short follow-up. Relapses in seminoma can occur up to 6-10 years after diagnosis and, in addition, long-term side effects may not emerge before 8-15 years after treatment.
Mature data are now also available on surveillance as a possible management option for stage I seminoma patients (Table 2 ) and it is clear that this is a safe approach if patients are compliant and remain on a close follow-up schedule. Daugaard et al. observed a relapse rate of 17% in 394 unselected stage I seminoma patients [27] . Time to relapse was median 13 months (range 1 to 84 months). 87% of the relapses were diagnosed within the first two years, and 98% of the relapses were detected within 5 years. Disease-specific survival was 100% after a median follow-up of 60 months ( Table 2 ). Surveillance is a clearly established option for stage I seminoma patients.
With cure rates approaching almost 100% for stage I seminoma, a risk adapted strategy appears to be an enticing approach. Two main risk factors, invasion of the rete testis and tumor size ‡4 cm, have been described for stage I seminoma patients with a relapse risk of approximately 35% if both factors are present [28] . These two risk factors were incorporated into a risk adapted strategy tested in a Spanish trial, in which 100 patients without risk factor were managed with surveillance whereas patients with one (n = 164) or both (n = 50) risk factors received 2 cycles of adjuvant carboplatin at a dose of AUC 7. Carboplatin was well tolerated with only 8% of patients experiencing grade 3 or 4 toxicity. Relapses were observed in 6% of the surveillance patients and 3.3% of the patients with risk factors. All relapsed patients were successfully salvaged with cisplatin-based combination chemotherapy. Median follow-up of the current study was only 34 months, which makes the definite appraisal of the results still difficult. However, similar results with relapse rates of 2-4% were reported after a median follow-up of 5-6 years in phase II studies with 2 cycles of adjuvant carboplatin for stage I seminoma (Table 1) . Although these studies did not incorporate stratification by risk groups, no relapses have been reported beyond 3 years within these studies [26] . Based on these results, a risk adapted strategy in stage I seminoma appears feasible and safe.
late toxicity
With the high cure rate in testicular cancer patients, late toxicity has become a significant issue for these rather young patients. Radiation therapy has been traditionally used as an adjuvant treatment for stage I seminoma and as a curative therapy for stage II A/B seminomas. Equally effective appearing chemotherapy approaches are now emerging for these patients as described above. This makes the evaluation and assessment of long-term toxicity of each treatment option mandatory. Late toxicity may not only impair the quality of life of patients with malignant germ cell tumors, but therapy-related malignancies may also compromise their very good prognosis.
A summary of the available data on the incidence of secondary malignancies to date, with treatment periods ranging from 1930 until 1995, generally indicates a two-to three-times greater increased risk for developing therapy-related solid malignancies following therapy for testicular cancer [29] . The interpretation of these data is difficult due to the large variation of treatment during the time periods within these patients were diagnosed and treated. Some studies had already started in the 1930s or 1940s and had a follow-up extending only to the first half of the 1980s. Other studies, published more recently, included the treatment period up to the second half of the 1980s, thus reporting on a time period in which indications as well as doses and radiation techniques were already closer to the current practice. The different lengths of median follow-up of these studies ranging from 5.1 to 15.4 years must also be taken into account when interpreting the results.
When investigating the various treatment forms, radiation therapy appears to increase the risk for developing therapyrelated solid tumors by a factor of two to three as compared to the general population. Two recent studies have confirmed these results. Amongst 40 576 1-year testicular cancer survivors Travis et al. observed 2285 second solid cancers [30] . Ten-year testicular cancer survivors treated with radiotherapy, chemotherapy or both were found to have a 2-fold, 1.8-fold and 2.9-fold increase in risk for secondary solid cancers after radiotherapy, chemotherapy or both, respectively. After 40 years, seminoma patients diagnosed at age 35 had a projected cumulative risk of 36% for developing a solid cancer as compared to 23% for the general population. Similar results of a 2-3-fold increase in risk were reported by Zagars et al. [23] .
In recent years cardiovascular morbidity has been intensively investigated as a potential long term complication in cisplatinbased chemotherapy-treated patients. Cisplatin-based chemotherapy appears to induce both acute and long-term cardiovascular changes. Nuver et al. reported increased von Willebrand factor levels and an increase in the intima thickness of the carotid artery as signs of chemotherapy-induced vascular toxicity [31] . Meinardi observed an increased incidence of major cardiac events and an increased incidence of coronary artery disease in long-term survivors of metastatic testicular cancer [32] . Amongst 87 patients 6% experienced a myocardial ischemia and amongst 62 chemotherapy patients who underwent testing for their cardiovascular risk profile as part of the study, 39% had hypertension, 79% had hypercholesterolemia, 22% had microalbuminuria and 25% still experienced Raynaud's phenomenon. Hypertension and hypercholesterolemia were significantly more frequent in chemotherapy-treated patients as compared to stage I patients, who had never received chemotherapy. These results were now confirmed by larger studies. Within a case-control study including 1814 Norwegian long-term survivors, chemotherapytreated patients had increased odds for hypertension with approximately 50% of patients developing hypertension on follow-up [33] . High cumulative cisplatin doses (>850 mg) also appear to be associated with a higher body-mass-index and obesity. Amongst 2512 5-year survivors the risk for myocardial infarction after 4 cycles of PVB (cisplatin, vinblastine, bleomycin) was 1.9-fold increased [34] . Four cycles of PEB were associated with a 1.5-fold increase in cardiovascular risk, but no increase in the number of myocardial infarctions. This lack of an increase in myocardial infarctions may be due to the somewhat shorter follow-up of BEP patients or due to the fact that vinblastine may cause additional effects on the autonomic cardiac nervous system [35] .
Based on these results, patients should be monitored during long-term follow-up for cardiovascular risk factors and the development of hypertension, hypercholesterolemia and artherosclerosis.
Despite the statistically significantly increased risk for longterm side effects, it is clear that the remarkable success in testicular cancer therapy far outweighs the risk for long-term toxicity. It can be assumed that modern treatment strategies including lower radiation doses, modified radiation fields and limited chemotherapy cycle numbers and doses will have a lower impact on long-term treatment-related side effects. However, even a low number of therapy-related long-term complications should encourage the search for equally effective but less toxic therapies.
treatment of patients with cisplatin-refractory germ cell cancer
Various chemotherapeutic agents have been evaluated in intensively pretreated or cisplatin-refractory patients. However, as single agents, only orally administered etoposide, paclitaxel, gemcitabine and most recently oxaliplatin have been shown to be active in refractory disease with selected patients achieving complete remissions. This has lead to the evaluation of combination chemotherapy regimens such as gemcitabine/ paclitaxel or oxaliplatin/gemcitabine, demonstrating the feasibility and activity of combination therapy in these heavily pretreated patients (Table 3) . Achieving a high response rate in refractory patients is important since the induction of a remission may subsequently allow the resection of residual masses and may thus be a chance to still achieve long-term survival in selected patients [36] . The most favorable results have thus far been obtained with the combination consisting of gemcitabine and oxaliplatin in a prognostically very unfavorable patient population in two independent studies [37, 38] . Response rates of 32 and 46% were achieved. It is important to note, that all of the studies investigating combination chemotherapy regimens have reported patients with complete responses. Combination chemotherapy and, if possible, resection of residual masses, should therefore now be considered as a useful therapeutic option for patients in good performance status with a sufficient bone marrow reserve.
Three drug regimens, such as gemcitabine, oxaliplatin and paclitaxel or paclitaxel, gemcitabine and cisplatin are now being developed in clinical trials. Despite interesting preliminary response rates, these 3-drug combinations are still associated with frequent and substantial toxicity in these heavily pretreated patients resulting in a high number of dose/schedule modifications and early treatment termination [39, 40] . These studies may however lead to the development of a 3-drug combination regimen, which is entirely non-cross resistant to the standard cisplatin-based regimens currently used for germ cell cancer.
Novel molecular targets are now also being explored in germ cell cancer. Vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR) inhibitors are currently under investigation in patients with refractory disease, but no results are thus far available.
In conclusion, the management of testicular cancer has evolved to a risk adapted approach trying to balance treatment efficacy and acute and long-term toxicity within the individual decision making. The upcoming results of molecular studies may hopefully allow further refining of treatment approaches in this highly curable group of cancer patients. Refractory being defined as a disease progression during or within 2 months after cisplatin-based chemotherapy; ** all patients 'resistant' defined as failure to achieve a durable complete remission to a cisplatin-based regimen and one or more of the following unfavorable prognostic features: relapse after complete response or progression within 4 weeks after first-line therapy; poor or no response to prior conventional dose cisplatin/ifosfamide therapy; extragonadal primary site. HD-CT, high dose chemotherapy; n.s., not specified; pts, patients; CI, confidence interval.
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